Arterial stiffness is widely used in assessing arteriosclerosis in the background of increased cardiovascular events. Arteriosclerosis also causes reduction in exercise capacity, which is a most important prognostic factor in patients with cardiovascular disease; however, data on the association between arterial stiffness and exercise capacity are limited. Therefore, a simple and noninvasive measurement of arterial stiffness that reflects the central circulation and exercise capacity is needed. The arterial velocity pulse index (AVI) is a parameter of arterial stiffness measurable with the cuff oscillometric method; however, the clinical utility of this method is unclear. We aimed to evaluate the trend of AVI in patients with coronary artery disease (CAD), and the association between AVI and exercise capacity. A cross-sectional study of 116 patients with cardiac disease (34 CAD and 82 non-CAD patients) was performed. Non-CAD patients were those with any cardiac diseases who did not have proven CAD. The results showed that the AVI was significantly higher in CAD patients than non-CAD patients (P < 0.05, analysis of covariance). The AVI was inversely correlated with peakVO2 (r = −0.239, P < 0.05) and was a significant explanatory variable for peakVO2 in stepwise regression analysis (β = −14.62, t = −2.5, P < 0.05). These results indicate that the AVI is strongly associated with CAD and predictive of the exercise capacity in patients with cardiac diseases. We, therefore, propose that the cuff oscillometric method is clinically useful in evaluating arterial stiffness in patients with cardiac diseases, especially CAD.
Introduction
Arteriosclerosis is a major cause of cardiovascular disease (CVD) (Perk et al. 2012; Goff et al. 2014) . The previously reported risk factors for arteriosclerosis include hypertension, dyslipidemia, and diabetes (D'Agostino et al. 2008) . As the prevalence of CVD due to arteriosclerosis is increasing, a simple and easy assessment of arteriosclerosis is needed.
To assess arteriosclerosis, arterial stiffness is used as a surrogate marker for cardiovascular risk (Laurent et al. 2006 ). The pulse wave velocity (PWV) (Bramwell and Hill 1922; van Popele et al. 2001 ) and cardio-ankle vascular index (CAVI) (Shirai et al. 2006) are commonly used to assess arterial stiffness, and these parameters are predictive of the presence of coronary artery disease (CAD) in the general population (Imanishi et al. 2004; Koji et al. 2004 ). However, to measure these parameters, a certain amount of time for winding cuffs around the extremities and a procedure for detecting heart sound are required (Yamashina et al. 2002; Shirai et al. 2006) .
Aortic pulse wave comprises the initial pulse wave from the left ventricle and a later reflected wave (Karamanoglu et al. 1993) . The reflected wave represents the central blood pressure (CBP) (London and Guerin 1999) , which is known to predict cardiovascular events (Pini et al. 2008; Roman et al. 2009 ); however, its measurement by using a catheter is invasive. Brachial pressure provides inaccurate CBP information, whereas the secondary peak of the brachial pulse waveform includes the reflected wave (Vlachopoulos and O'Rourke 2000) . On the basis of this theory, the tonometric method and the cuff oscillometric method are being used for the noninvasive estimation of the CBP (e.g., augmentation index) with radial or brachial pulse waveforms. However, tonometric estimation is well correlated with directly measured CBP (r > 0.9) (Ding et al. 2011 ); a two-step procedure that precisely detects radial pulse waveforms and measures the brachial pressure at the same time is required to complete the measurement, and it is sometimes dependent on an operator (Wilkinson et al. 1998) .
On the other hand, the cuff oscillometric method is widely and routinely used in the (noninvasive and automatic) measurement of upper arm blood pressure, and the later waves in cuff oscillation indicate the reflected waves (El Aklouk et al. 2008) . The arterial velocity pulse index (AVI) is one of arterial stiffness parameters measured with the cuff oscillometric method. This measurement requires only one upper arm, and also provides information on the central circulation (Liang et al. 2013) ; however its clinical utility is still unclear. Sueta et al. (2015) reported that the AVI predicted CBP in combination with brachial blood pressure. Horváth et al. (2010) reported that the oscillometric estimation of the aortic augmentation index measured from the brachial artery was well correlated with directly measured aortic systolic blood pressure (SBP) and aortic augmentation index. These studies revealed the mathematical interaction of the parameters; however, the relationship of these parameters to CVD is still unknown.
Arteriosclerosis causes not only acute cardiovascular events but also a reduction in exercise capacity, which is one of most important prognostic factors in patients with CVD (Pilote et al. 1989; Guazzi et al. 2012) . Resting cardiac function is insensitive in assessing exercise capacity in patients with cardiac diseases (Franciosa et al. 1981) , whereas arterial stiffness, which represents the elastic properties of large arteries and wave reflection, at least partly provides information about exercise capacity (Edwards et al. 2004; Pfob et al. 2014) . In fact, increase in arterial stiffness reduces coronary blood flow and increases cardiac workload, which causes functional limitations in patients with CVD because of coronary perfusion insufficiency to increased oxygen demand in the myocardium during exercise loading (Kingwell et al. 2002) . Previous studies have reported the association between arterial stiffness and exercise capacity in particular populations. Vaitkevicius et al. (1993) reported that the aortic PWV and the carotid arterial pressure pulse augmentation index were inversely associated with maximal oxygen uptake in a healthy cohort. Binder et al. (2006) reported that the augmentation index measured from the radial artery was inversely associated with maximal oxygen uptake in men without known CAD. Jae et al. (2010) reported that the brachial-ankle PWV (baPWV) was inversely associated with maximal oxygen uptake in patients with metabolic syndrome. Tanisawa et al. (2015) reported that CAVI was inversely associated with peak oxygen uptake (peakVO2) in hypertensive middleaged and elderly Japanese men. However, few studies have focused on arterial stiffness and exercise capacity in patients with cardiac diseases such as CAD (Enko et al. 2008 ) and hypertrophic cardiomyopathy (Austin et al. 2010 ). Thus, data suggesting that arterial stiffness predicts exercise capacity in patients with cardiac disease are limited.
As described previously, central arterial stiffness and exercise capacity are implicated in cardiovascular risk; however, the association between exercise capacity and arterial stiffness measured by using the oscillometric method in patients with cardiac disease including CAD has not been fully determined.
Therefore, the first aim of this study was to elucidate the relationship between arterial stiffness measured with the cuff oscillometric method from the peripheral artery and CAD. The second aim of this study was to test the interaction between exercise capacity and the thus measured arterial stiffness in patients with cardiac disease.
Methods
This was a cross-sectional study, and patients with cardiac disease who visited Tohoku University Hospital from February in 2014 to January in 2015 for cardiac rehabilitation (to assess exercise capacity) were considered eligible for inclusion. The inclusion criteria for this study were as follows: patients with cardiac disease in whom blood pressure can be measured from the brachial artery and New York Heart Association (NYHA) class I-III. The exclusion criteria were as follows: patients with non-cardiac disease, disturbance of consciousness, and NYHA class IV. Cardiac disease included CAD, atrial fibrillation, cardiomyopathy, valvular disease, pulmonary hypertension, and congenital heart disease. Patient profiles, medical history, medication use, and laboratory data were obtained from the medical records. Body mass index (BMI) was calculated by using the patient's height and weight (in kg/m 2 ), and defined as weight (kg) divided by the square of height (m). CAD was defined as ≥ 50% stenosis in at least one major coronary artery determined by using coronary angiography. Hypertension was defined as a resting blood pressure of ≥ 140/90 mmHg or the use of antihypertensive drugs. Dyslipidemia was defined as a low-density lipoprotein level of ≥ 140 mg/dL, high-density lipoprotein level of ≤ 40 mg/dL, triglyceride level of ≥ 150 mg/dL, or the use of lipid-lowering drugs. Diabetes was defined as a fasting blood glucose level of ≥ 126 mg/dL, hemoglobin A1c of ≥ 6.5%, or the use of antidiabetic drugs. Chronic kidney disease was defined as an estimated glomerular filtration rate (eGFR) of < 60 mL/min. Informed consent was obtained from all patients in accordance with the regulation of the institutional review board (Tohoku University Ethics Committee, Sendai, Miyagi, Japan). This study was conducted according to the principles of the Declaration of Helsinki and with institutional review board approval.
Measurement of AVI
The AVI was measured by using an oscillometric blood pressure measurement device (AVE-1500; Shisei Datum, Tokyo, Japan). The patient was placed in the supine position, and the cuff was wound around the right upper arm after a 5-min rest. At the same time, blood pressure was measured by sensing the cuff oscillation waves. The AVI was calculated by using the following formula (Sueta et al. 2015) .
where Vf is the first peak of the time differentiated value of the pulse waveform and Vr is the nadir of the time differentiated value of the pulse waveform.
The pulse waveform is composed of the forward wave and the reflected wave (Vlachopoulos and O'Rourke 2000) . Vf, which is the first peak of the time differentiated value of the suprasystolic cuff oscillation wave, mainly represents the strength of the forward wave, which is not influenced by the reflected wave. On the other hand, Vr, which is the nadir of the brachial pulse wave speed change, mainly represents the steepness of the pressure decline after the second peak of the cuff oscillation wave (Liang et al. 2013) . Increase in aortic stiffness causes reflected wave to arrive at the brachial artery early in systole, and pressure declines more steeply in late systole because of the attenuated pressure augmentation effect. Therefore, the ratio |Vr|/|Vf| indicates the tendency of the increase in aortic stiffness.
The measurement was performed two times, and the second measurement was performed immediately after the first measurement. We adopted the value of the second measurement.
In our preliminary study, the error in two measurements each SBP, DBP, and AVI was 0.2 mmHg, 1 mmHg and 0.14, respectively, in seven healthy volunteers.
Assessment of exercise capacity
All patients underwent symptom-limited cardiopulmonary exercise testing (CPET) on a bicycle ergometer (Q STRESS; Nihonkoden, Tokyo, Japan) according to a ramp protocol with a workload increment of 15 W/min. The 12-lead electrocardiogram was continuously recorded; blood pressure was measured every 2 min; continuous expired gas analysis was performed during CPET; and peak oxygen consumption was calculated after CPET. PeakVO2 was defined as the highest VO2 value recorded during exercise testing.
Resting blood pressure, heart rate (HR), blood pressure change, and HR change were also recorded during CPET.
Assessment of arterial stiffness
The CAVI was measured to assess arterial stiffness by using a PWV measurement apparatus (VS-1500A; Fukudadenshi, Tokyo, Japan). During the measurement, the patient was at rest and in the supine position. The electrocardiogram and heart sound were monitored. Cuffs were wound around both upper arms and both ankles. Then, the CAVI was automatically calculated by using the following formula (Shirai et al. 2006) :
where Ps: systolic blood pressure, Pd: diastolic blood pressure, PWV: pulse wave velocity, ΔP: Ps−Pd, ρ: blood density, and a and b: constants.
The PWV was calculated by using the length from the aortic valve to the ankle divided by the time taken for the pulse wave to propagate from the aortic valve to the ankle. The CAVI represented arterial stiffness as well as the baPWV (Takaki et al. 2008 ). The CAVI was not influenced by blood pressure in comparison with the baPWV (Yambe et al. 2004) .
Echocardiography
Echocardiography was performed to assess the left ventricular ejection fraction (LVEF) according to the guidelines of the American Society of Echocardiography (Schiller et al. 1989) . LVEF was measured by using the long-axis area-length method. The standard operating procedure was used in the measurement (Schiller et al. 1989) . LVEF was calculated as [end diastolic volume − end systolic volume]/end diastolic volume × 100%.
Biomarker
Blood samples were taken in standard conditions. B-type natriuretic peptide (BNP) was analyzed by means of an immunochromatographic method by using an immunochromatography device (Rapidchip BNP; Sekisui Medical, Tokyo, Japan).
Statistical analysis
Data are presented as mean ± standard deviation for normally distributed variables and proportions for categorical variables. Nonnormally distributed variables are presented as median ± interquartile range. Several variables were log transformed to obtain a normal distribution. The patients were divided into two groups according the presence or absence of CAD. Unpaired t test (for normally distributed variables), Fisher's exact test (for categorical variables), and Mann-Whitney U test (for nonnormally distributed variables) were used to evaluate the differences between the two groups. Analysis of covariance (ANCOVA) with age as the covariate was used to compare the AVI between the two groups. Pearson's correlation was performed to determine the association among peakVO2, AVI, and other variables. Stepwise multiple linear regression analysis with backward elimination was used to determine the predictive variables for peakVO2. Statistical significance was considered at P < 0.05 (two-tailed). Missing data were excluded from the analysis. Data were analyzed with EZR version 1.24 for Windows (Kanda 2013) .
Results
A total of 116 patients were enrolled in this study. The baseline characteristics of patients are summarized in Table 1 . The average age of all patients was 61.8 ± 14.5 years. A total of 34 patients were included in the CAD group, and 82 patients were included in the non-CAD group. The average age of the CAD group was higher than that of the non-CAD group (71.2 ± 10.7 years vs. 58.0 ± 14.2 years, P < 0.001). The CAVI in the CAD group was higher than that in the non-CAD group (9.0 ± 1.5 vs. 7.8 ± 1.5, P < 0.001). The eGFR in the CAD group was lower than that in the non-CAD group (57.4 ± 20.1 vs. 73.8 ± 23.2, P < 0.001).
The AVI in the CAD group was higher than that in the non-CAD group (P < 0.05, ANCOVA; Fig. 1) . Table 2 shows the correlation between the AVI and other variables. The AVI was positively correlated with age, SBP, pulse pressure (PP), and BNP, whereas it was inversely correlated with BMI, HR, eGFR, and peakVO2. Fig. 2 shows the correlation between the AVI and CAVI. The AVI was positively correlated with the CAVI.
To determine the association between AVI and peakVO2, a stepwise multiple linear regression analysis was performed. Age, BMI, SBP, HR, eGFR, LVEF, BNP, and AVI were selected as explanatory variables, and there was no multicollinearity among the variables as the variance inflation factor was sufficiently small. PP was excluded because of the presence of multicollinearity between PP and SBP. As a result, AVI was a significant explanatory variable for peakVO2 (β = −14.62, P = 0.014; Table 3 ). Age, BMI, SBP, and BNP were also significant explanatory variables for peakVO2 (SBP: β = 0.14, P < 0.001; age: β = −0.17, P < 0.001; BNP: β = −1.48, P = 0.007; BMI: β = −0.39, P = 0.015; Table 3 ).
Discussion
The present study is the first to demonstrate that the AVI measured with the cuff oscillometric method from the brachial artery is higher in CAD patients than in non-CAD patients. Moreover, this study is also the first to demonstrate that AVI is a significant explanatory variable for exercise capacity in patients with cardiac disease. Previous studies have demonstrated the relationship between arterial stiffness and CAD. Imanishi et al. (2004) reported that the baPWV was an independent predictor for the presence of CAD in men who underwent coronary angiography. Nakamura et al. (2008) reported that the CAVI was positively correlated with the severity of coronary atherosclerosis in patients who underwent coronary angiography. On the other hand, no previous study has reported on the relationship between CAD and arterial stiffness measured with the cuff oscillometric method, which is a more easily measured parameter than the baPWV or CAVI.
A few studies reported on the correlation between arterial stiffness measured with the oscillometric method and the augmentation index or CBP, which is strongly associated with wave reflection. Liang et al. (2015) reported that the estimated CBP measured by using an oscillometric method from the brachial artery was well correlated (r > 0.9) with directly measured CBP from a catheter, which indicated the reliability of the oscillometric method for estimating the CBP. Horváth et al. (2010) also reported that the estimated CBP measured by using the cuff oscillometric The data were compared between the two groups by analysis of covariance with age as the covariate. Statistical significance was considered at P < 0.05 (two-tailed). *P < 0.05 compared with non-CAD group. AVI, arterial velocity pulse index; CAD, coronary artery disease. Table 2 . Correlations between the AVI and other variables. method was well correlated (r > 0.9) with directly measured CBP from a catheter. Sueta et al. (2015) reported that an estimated regression formula that included AVI measured with the cuff oscillometric method as the dependent variable was well correlated (r > 0.9) with directly measured CBP from a catheter in patients who underwent coronary angiography. Therefore, it was considered that AVI strongly represents the wave reflection, the magnitude of which is an independent predictor of cardiovascular events (Chirinos et al. 2012 ). The present study revealed that the AVI is inversely correlated with exercise capacity. However, although exercise capacity is an important prognostic factor in patients with cardiac disease (especially CADs) (Mark et al. 1991; Vanhees et al. 1994) , few studies have reported on the relationship between arterial stiffness and exercise capacity in these patients. Enko et al. (2008) reported that the baPWV was correlated with peakVO2 in patients with CAD. Austin et al. (2010) reported that the PWV measured by using cardiac magnetic resonance imaging was correlated with peakVO2 in patients with hypertrophic cardio myopathy. These studies focused on the PWV but not on wave reflection.
Few studies have reported on the correlation between exercise capacity and the index representing wave reflection in patients with cardiac disease. Müller et al. (2015) reported that peakVO2 was a negative predictor of the augmentation index in patients with congenital heart disease. Chrysohoou et al. (2015) reported that a 12-week training intervention increased maximal oxygen consumption but also increased the augmentation index despite decreasing the PWV in patients with chronic heart failure. Most of the patients in that study had ischemic heart failure and their LVEFs were lower than those in the patients of the present study. It was assumed that the reflected waves did not increase the SBP in patients with heart failure with reduced ejection fraction because of the incapability to overcome the increased ventricular load due to the reflected waves. Therefore, wave reflection might not be predictive of exercise capacity especially in patients with cardiac disease with reduced ejection fraction; however, it is reasonable to hypothesize that wave reflection, represented by AVI in our results, is correlated with exercise capacity in patients with preserved ejection fraction as well as in a population without known cardiac diseases (Vaitkevicius et al. 1993; Jung et al. 2014) . Increased arterial stiffness causes decreased diastolic pressure and increased systolic pressure, which results in PP elevation (Mitchell et al. 1997; Torjesen et al. 2014) . Increased PP causes decreased coronary perfusion because the coronary circulation is regulated by diastolic pressure (Anrep et al. 1931) . Decreased coronary perfusion diminishes exercise capacity in patients with CAD. A higher AVI is implicated in increased reflected waves, which cause increased left ventricular afterload because of the reflected waves generated at the peripheral artery from diastole to systole (Laskey and Kussmaul 1987) . During exercise, coronary perfusion is insufficient to maintain myocardial performance especially in patients with CAD because of their low ischemic threshold (Kingwell et al. 2002) , which leads to a reduction in exercise capacity.
The cuff oscillometric method with the use of a simple upper arm cuff is less time consuming than the measurement of baPWV and CAVI. This method requires only 1-2 min to finish, and does not require a professional or a complicated procedure that can cause measurement errors. Therefore, the cuff oscillometric method might be suitable particularly in the primary care and ambulatory care settings; however, the reproducibility and validity of AVI measurement in a specific population, such as the elderly, is still unclear. The cuff oscillometric method tended to be as reliable in the assessment of the stiffness of central arteries as the tonometric method (Baulmann et al. 2008) ; however, the cuff oscillometric method was found to be superior to the tonometric method in terms of the measurement procedures.
This study has some limitations. First, the patients in the present study had a heterogeneous background, and the population was small because of its being a single-center study. Second, the causal relationship is unknown because the present study was a cross-sectional study. The predictive value of the AVI in CVD is still unclear, unlike that for PWV or CAVI. Further study is needed to determine the predictive value of the AVI in CVD and the disease-specific trend of the AVI. Table 3 . Stepwise regression analysis of peakVO2 and significantly associated variables. † Log transformed. Adjusted R-squared = 0.3601, P < 0.001. SBP, systolic blood pressure; BNP, B type natriuretic peptide; AVI, arterial velocity pulse index; BMI, body mass index.
Independent variables
In conclusion, the AVI measured by using the cuff oscillometric method is higher in patients with CAD, and is associated with exercise capacity in patients with cardiac disease. If the relationship between arterial stiffness measured with the cuff oscillometric method and the specific cardiac disease could be clarified, then this simple and easy assessment of arterial stiffness would be useful in the primary care setting. Further studies, especially multi-center intervention studies, are needed to confirm the usefulness of an upper-arm cuff oscillometric method in assessing arterial stiffness.
